Abstract: Functional polymers have become essential in the functioning and performance of many products for information and communication technologies. Special polymers have been constructed with an accurate control over their morphology to a size down to the wavelength of light. These polymers improve liquid crystal displays on eye-catching properties like brightness and viewing angle. The improved energy efficiency is crucial for the mobile communication equipment in today's information society.
Introduction
The area of functional polymer systems is still rather limited in terms of output volume, typically less than 1% of the world polymer production. Nevertheless, functional polymers are indispensable components in many applications/devices, notably in the Information and Communication Technologies (ICT). Often because of the combination of their functionality with typical polymer properties like light weight, toughness and transparency, the value that polymers add to ICT products and devices is enormous. There are numerous examples of successful use of polymers. Synthetic polymers are being utilized in beam steering applications such as splitters and electro-optical switches, and in optical fibers (POFs) for local area networks. The main advantages of polymers are their flexibility, robustness, processability and improved on-site (houses, cars, offices) handling. This counterbalances the disadvantage of higher optical losses. Also data storage in modern media like CD or DVD takes advantage of high quality polymeric materials. And the time that the first polymeric semiconductors and plastic logic will enter the market is nearby.
But by far the largest share of the functional ICT polymers is used in displays. In today's information society there is a need for quick access to information through visual means at any time and anywhere [1] . On the move people like to use small, light, low-power displays; at home they prefer large, flat and thin screens. Everywhere people prefer high-resolution colored images with a high brightness and contrast, visible from all angles. The display has a key-role in the man-machine communication. New display concepts continue to appear. Very recent examples are polymer-based light emitting diode displays, nanoparticle based electrochromic displays and electrophoretic displays. But until now liquid crystal displays (LCDs) account for the largest share of the flat & thin display market. Some examples are shown in Fig. 1 . Without LCDs, the notebook computers as we know them would not have been possible. Presently, internet connections to mobile equipment are setting new challenges to small and medium-sized displays. And large, high-definition LCDs are already widely used in desktop monitors and are appearing now in television sets [2] .
Fig. 1. Some examples of LCD's for present ICT applications
The liquid crystal display industry is somewhat more than 30 years old and has a yearly turnover of more than 10 billion US dollar. Actually, LCDs represent the second largest display technology, with only cathode ray tubes (CRTs) as more important. This article highlights the role of organic materials and polymers in the liquid crystal display industry. It describes part of the technology behind well-known products, and it also gives an outlook to innovations that are emerging in this industry.
Basic principles of LCDs
Liquid crystals (LCs) are organic, often rod-like, molecules that possess an ordered mesophase between the crystalline melting temperature and the transition to an isotropic liquid [3] . Practical LC materials consist of complex mixtures tuned to give the right physical properties over a wide temperature range. Related to its ordered anisotropic state an LC exhibits optical and dielectric anisotropy and stores elastic energy upon deformation [3] . Almost all LCDs have the four common ingredients shown in Fig. 2 . First an LCD contains two glass substrates (typically 0.7 mm thick) with a well-controlled spacing (about 5 µm). Second, there is an oriented LC layer between the substrates. In the third place, there are transparent electrodes at the inner surfaces of the substrates to apply voltages across the LC layer. And finally, the glass substrates are sandwiched between two polarizing filters.
Fig. 2. Schematic view of a liquid crystal display based on the twisted nematic effect
A liquid crystal cell is made with boundaries that induce a monolithic orientation of the molecules. The local orientation of the LC is represented by a unit vector, called the director, which is obtained by averaging the direction of the molecular long axis over a large number of molecules. The director varies across the LC layer. A display, in which the director rotates over an angle equal to 90°, is called a twisted nematic (TN) display [4, 5] . An electrical modulation of the director profile in an LCD may be realized as follows. The director is strongly anchored to the surfaces. An LC material is selected that tends to align parallel to an electric field [6] . A voltage across the layer therefore induces a tilting of the director in the center of the cell. However, the strongly anchored LC at the substrates maintains its planar orientation, and elastic energy is stored in the LC layer. The deformation relaxes when the voltage is decreased again, and the director swings back to its initial profile. In order to prevent switching of domains in mutually different directions, the surface-anchored LC molecules are given a small, uniform pre-tilt angle imposed by the boundary layer.
The changing director profile results in an optical modulation. This is of keyimportance for the display operation. There are important differences in the optical design of LCDs for different applications. We limit ourselves to a qualitative explanation here, as this is sufficient to help us sketch the various recent innovations in LCDs. There are three common items in the optical description of each LCD. First, the light that crosses the liquid crystal layer has to be visualized as an oscillating electro-magnetic field in a plane perpendicular to the propagation direction of the light. Natural light is a train of packages of electromagnetic radiation with chaotically varying oscillation directions. Second, it is necessary to select a well-defined oscillation-direction of this electric field vector to observe an optical modulation in the LCD. Light with such a defined electric field oscillation is called polarized light. The polarizing filters that do this selection have oriented dyes that absorb one oscillation direction of the incoming light and pass the complementary oscillation direction. Third, there is anisotropy in the refractive index of a liquid crystal material, or in other words, the propagation speed of light through the layer depends on the relative orientation of its electric field vector with respect to the liquid crystal director. This is called birefringence.
These three items are combined as follows: non-polarized light is generated by an external light source and the light passes a polarizing filter. This gives the light a welldefined polarization state. This polarized light enters the liquid crystal layer. The light gets decomposed into two parts that experience different refractive indices or, equivalently, different propagation velocities. Part of this light passes the liquid crystal layer with a propagation speed that holds for light polarized perpendicularly to the director, and the complementary part of the incident light propagates with a speed that is closer to the refractive index for light polarized parallel to the director. The division of the light over these two fractions depends on the relative orientation of the polarizing filter with respect to the LC director at the incidence side of the cell. Both fractions of the incident wave propagate through the cell, and they leave the cell with a phase relation that has been changed by the liquid crystal cell. The thickness, the director profile, the refractive indices of the LC material and the wavelength of the light determine the amount of change. All the light leaves the cell, but the exit polarization state has changed relative to the incidence state. A second polarizing filter is positioned at the exit-side of the LC cell to analyze the change of polarization state. If light is polarized parallel to the transmissive axis of this exit polarizer, all the light passes. If light is polarized parallel to the absorption direction of this analyzer, the LCD looks dark. An exit polarization state that is neither of these creates a grey tone [7] .
There are a number of additional elements in an LCD that distinguish a less-thanone-dollar calculator display from an expensive monitor. The most expensive feature relates to the information contents that can be displayed in the device. The liquid crystal cell in Fig. 2 is capable of displaying different intensity levels in one pixel only. Displaying meaningful information requires that different parts of the display area can be switched independently. This is achieved by defining electrode areas, which can be more-or-less independently driven by the external electronics (pixels). The number of pixels in a display may vary between hundred in a calculator or simple telecom display to up to 10 million for the most advanced prototypes of LCDmonitors. For low pixel counts, the elements are directly addressed by the peripheral electronics. Displays with larger number of pixels have a row and column matrix arrangement (passive matrix LCDs). A feature that distinguishes expensive panels for monitors from lower-priced LCDs is an array of solid-state switches (thin film transistors, TFTs) that are at the glass substrates and that connect each pixel electrode to a grid of bus lines. It is a technological challenge to make such a transistor array -also called an active matrix -on glass, with zero defects and over a large area.
Another distinguishing component is the backlight. Backlights in LCD-modules for telephones are carefully constructed, miniature light emitting diodes, which use only a few milliWatts of power. In desktop monitors, these backlights are thin or ultra-thin fluorescent tubes with an optimized emission spectrum in combination with a dedicated light guiding and selectively scattering sheet to ensure a uniform illumination of the LCD-panel. A mosaic color filter may be used to absorb white light generated by the backlight to get picture elements with the red, green or blue primary colors. The result is a picture with well-saturated colors. Other displays have a reflector and use ambient light for illumination.
Functional polymers essential in modern displays
Functional polymer materials have played an important role in bringing the LCD to the state where they are now, and they are expected to contribute further to future improvements. In an age where each new generation of electronic products is smaller and more portable, the challenge for manufacturers is to find lightweight and robust displays with low power requirements. Apart from glass substrates, indium-tin oxide (ITO) electrodes and active matrix TFT's, a current LCD is built from polymeric materials, mostly in the form of thin films. Tab. 1 summarizes the polymers that are found in present displays. There are a variety of display designs on the market and not every design makes use of all elements. Sometimes alternative solutions achieve similar functionality. A typical example is shown in Fig. 3 . Various polymers support cell manufacturing. Important, though not shown, are the lithographic polymers for the numerous lithographic steps, e.g. to structure the ITO and to generate the onboard TFT's. Polymer spheres, sometimes supported by glass spheres or fibers, control the cell thickness. The adhesives join the two aligned glass plates. Then the display cell is filled with the liquid crystal. After that, the filling opening is closed with an UV curing adhesive. Essential in controlling liquid crystal orientation is the ultrathin (typically 20 nm) polyimide alignment layer [8, 9] . The polyimide is deposited by off-set printing in order to avoid coverage of the areas needed for the bonding process. Transmissive or reflective color LCDs contain red, green, blue (R,G,B) color filters, often based on UV curing and pigmented acrylates that can be processed by lithographic means. In order to avoid contrast loss, the inactive areas in between the R,G,B pixels must be filled with an absorbing black medium, the black matrix. Often this can be a black inorganic material such as evaporated or sputtered CrO 2 or a black-pigmented lithographic acrylate. As the cell thickness must be very well controlled with accuracy higher than 1%, a top coating must equalize the surface of the color filter and black matrix. The color filter and black matrix are applied in between the glass substrate and the ITO coating. This means that these polymers should withstand aggressive processing conditions such as high temperatures and chemicals during ITO sputtering, ITO etching, polyimide coating and baking.
In order to keep the LCDs thin, the light source of a backlight LCD, e.g. a coldcathode fluorescent tube or light emitting diodes, is placed at the side of a planar waveguide. This waveguide is made of poly(methyl methacrylate) or polycarbonate and contains well-distributed scattering elements that direct the light to the viewer. Diffuser films disguise the scattering elements. Often special films are used to control the spatial distribution of the light within a certain viewing angle in order to improve on the brightness. These light-collimating films may consist of embossed prismatic elements in an acrylate coating on a polyester base. The polarizer film completes the backlight system. This film consists of a composite of stretched poly(vinyl alcohol) packed in cellulose triacetate films. Needle-like iodine crystals brought in and aligned by the poly(vinyl alcohol) attend for the polarization dependent absorption of light.
Of course the most essential layer is that of the electro-optical switch, being the low molar mass LC. But also here there are many developments to stabilize the molecular organization in this layer by a polymeric network or to replace it by a fully polymerized LC film thus creating a solid state electro-optical switch that improves the display especially on manufacturing concepts [10] [11] [12] [13] [14] [15] . And a step towards an allplastic display could be to replace the glass substrates by stable plastics [16, 17] . Or even, but somewhat further in the future, one might think of building the active matrix array from polymeric semiconductors and the electrodes from polymeric conductors. Other new developments involving new types of polymer-based optical layers aim improved efficiencies, brightness and viewing angle characteristics of the LCD's. 
Functional polymer for a brighter display
Tab. 2 shows the transmission characteristics of the various components of a display that the light generated by the lamp or LED passes on its way to the viewer. The numbers may differ somewhat for the different types of LCD's but the general observation is that of the light generated by the lamp system only 3 to 10% is used. The result is that an average, backlight LCD has a maximum brightness of 200 Cd/m 2 whereas an average CRT provides 500 Cd/m 2 . As discussed above the polarizer absorbs one oscillation direction of the incoming light and passes the complementary oscillation direction. A consequence is that half of the available light is wasted. However, in the recent past several elegant solutions have been found to circumvent this yield problem. One way of improving the yield of producing polarized light is based on a recycling principle [19] . The principle is schematically shown in Fig. 4 . If polarized light is produced not by absorption but by means of reflection, light of the wrong polarization is re-directed into the backlight of the display. Usually the backlight consists of a side lit imprinted PMMA waveguide with a diffuse reflector at the backside and a transmissive diffuser film at the side towards the LCD panel. The re-directed light of wrong polarization becomes depolarized by the diffuser films and is for a large part reflected again towards the LCD panel. In a repetitive process the reflective polarizer again selects the right and rejects the wrong polarization such that, depending on the efficiency of the optical design of the backlight, ultimately the yield of polarized light can become close to 80%. Basically three principles have been worked out to produce polymeric reflective polarizer films. The first one is based on so-called cholesteric networks [20] . The principle is shown in Fig. 5 . A thin coating of a chiral-nematic acrylate monomer is applied on a birefringence-free substrate and cured. The molecular organization within the acrylate film separates light on its state of circular polarization. To get sufficient bandwidth the pitch of the molecular helix is subjected to a gradient over the film thickness. In order to produce linearly polarized light a quarterwave retardation foil needs to be laminated, although very recently cholesteric polarizers are proposed with a built-in quarterwave retardation function. The brightness enhancement is demonstrated in Fig. 6 .
An alternative reflective polarizer is based on a stack of alternating birefringent layers optimized such that one state of linear polarization experiences no transition in refractive index and is transmitted and the other polarization is reflected under the Bragg's conditions [21] . A similar effect, but now based on diffuse reflection rather than on specular reflection, is obtained when a blend of a highly birefringent polymer, e.g. poly(ethylene-2,6-naphtylenedicarboxylate) (PEN), and optically isotropic particles are extruded into a thin film and subsequently stretched to a state in which the ordinary refractive index of the PEN matches the index of the particles [22, 23] . 6 . Improvement of the brightness of an LCD by the incorporation of a reflective cholesteric polarizer Fig. 7 shows the principle as well as a SEM picture of the shape and distribution of the particles. These scattering polarizers have the benefit that they can be made from commodity plastics and by current and cheap manufacturing technologies. Fig. 7 . Scattering of polarized light in a stretched polyester film provided with isotropic, index-matched particles. The SEM pictures show cross-sections of the films perpendicular (left) and parallel (right) to the stretching direction [22, 23] Rather than recycling wrongly polarized light by reflection, another way to improve the backlight efficiency is by using the direct generation of polarized light using anisotropic light out-coupling structures applied on a waveguiding slab [24, 25] . Unpolarized light, e.g. generated by a cold-cathode fluorescent tube lamp or by a light emitting diode, is coupled into a transparent plastic slab made of PMMA or polycarbonate. The traditional way of redirecting the light in the direction of the viewer by a printed scattering structure at the back of the slab is not polarization selective. Instead of this, anisotropic scattering elements direct only a single polarization towards the display whereas the other polarization remains in the waveguide and is subjected to be converted into the right polarization during its further path in the waveguide. When the light is rightly polarized it will also be redirected towards the display. Fig. 9 shows a typical example of contrast ratios and spatial light distributions that can be achieved by the set-up that is shown in Fig. 8 . A contrast of 1 : 20 is a typical value that can be achieved and that can already be sufficient for low information displays. High information displays such as in notebook computers require higher contrasts, which can be achieved by clean-up polarizers (dichroic, absorbing) without too much additional light loss. [24, 25] . The red area resembles high intensity or contrast, the blue area low intensity or contrast values Another major energy consumer in a display is the color filter. White light as produced by the cold cathode fluorescent lamp is converted into R, G and B by removal of the remaining part spectrum, reducing the efficiency of this component to less than 30%. An improvement in the efficiency can be obtained by methods that are basically the same as those described for the generation of polarized light. Designing color filters based on reflection rather than on absorption can use the recycling principle. Again polymeric cholesteric materials prove to be very useful in achieving this [26, 27] . In the case where single layer R, G, B or dual layer C, M, Y color reflectors are used, as demonstrated in Fig. 10 , the improved efficiency is accompanied by a reduced number of processing steps in display manufacturing.
Colors can also be generated directly from UV or blue light by using photoluminescent color filters [28, 29] . Recently, much progress has been made with classical inorganic phosphor materials optimized for plasma displays or fluorescent lamps. However, also here a bright future is foreseen for organic materials because of their ease of processing and transparency, especially if some optical functions as described above can be combined in single layers. Fig. 10 . The E-Z isomerization reaction that leads to adjustment of the helical twisting power (HTP) and the technology to produce red, green and blue reflecting color filters in a single exposure step [39] [40] [41] Functional polymers for a better viewing angle A major imperfection of LCD's is their limited viewing angle in comparison to cathode ray tubes. Unintended effects of the liquid crystal layer on the polarisation state of the passing light limit the viewing angle of the twisted nematic liquid crystal displays. The viewing angle dependence of the transmission in the display's driven state is connected to the birefringent nature of the liquid crystal material in a fundamental way. It is related to the viewer's position with respect to the director profile in the cell. Improvement of the display performance on this aspect may be achieved by adding birefringent compensation layers that undo part of the undesired birefringent effect of the liquid crystal layer. Presently several polymer-based solutions have been found to create complex, but well-controlled structured films that improve LCDs on this eyecatching property.
A relatively straight-forward solution is to add phase compensation films in which the molecular organization mimics that of the liquid crystal in the most sensitive state, e.g. the (partly) addressed state of a so-called normally white TN-LCD, in a complementary manner (Fig. 11) . Several types of these so-called wide-viewingangle foils have been demonstrated. For instance discotic polymeric network films with a tilted optical axis, applied between the LCD cell and the polarizer, gave an enormous improvement on the angular dependence of contrast and grey scale inversion [30, 31] . Comparable improvements of the optical performance are obtained from crossed tilted calamitic liquid crystalline networks [32] . In general these retarder films are produced from reactive liquid-crystalline monomers, either discotic or calamitic, that are applied as a thin film on a birefringence-free film substrate, usually cellulose triacetate. The splayed molecular organization is obtained by the planar alignment at the substrate and the homeotropic alignment under the action of the surface energy at the interface with air. A tilted compensation film can also be realized by the use of volume holograms with a tilted optical axis [33] . The optical anisotropy in that case is based on form birefringence and the optical function is the same as that of the tilted discotics, though with a real monotonic tilt rather than the splayed configuration with a gradually changing optical axis over the thickness. Another method to improve the viewing angle of LCDs is by special polymeric orientation layers that control the direction of the molecular alignment of the LCs on a sub-pixel level. In most displays the orientation layer, normally a buffed thin polyimide film, imposes the direction of the LC alignment. The unidirectional buffing process implies a uniform alignment over the total surface area of the display. Differently oriented domains obtain further improvement of the viewing angle. The domain size is typically smaller than the pixel size. By sub-dividing each pixel in two or four areas with different LC orientation the direction dependent optical properties are averaged and the image is improved over a large spatial angle. Photosensitive alignment polymers provide the control over the LC alignment by patterned exposure to polarized UV light [34] [35] [36] [37] . Only the dichroic chromophores with their transition moment parallel to the E-vector of the light undergo a reaction, often a cyclo-addition, an EZ isomerization, or photodegradation. The chemical and conformational rearrangement of the polymers that is thus created aligns the LCs in the direction parallel to the initial E-field of the UV light or perpendicular to that depending on the mechanism that is chosen. As a result the direction of the LC alignment can be varied on a sub-pixel level by a lithographic exposure of the alignment layer. Fig. 12 shows the pixels of an active matrix display that has been sub-divided in two areas [38] . The twist sense of the two sub-pixels are different, i.e. + and -65 o . The resulting display has a single compensation film, instead of the two or more that are usually needed for an acceptable viewing angle.
Conclusions
Functional polymers form only a small fraction of the world polymer production. However they sweep the market by providing functionalities that are unique within materials science and that are related to the combination of molecular design and control over the molecular structure and organization down to sizes smaller than the wavelength of light. Functional polymers have therefore become essential in the functioning and performance of many ICT products like information displays. For that reason the added value of the functional polymers is a manifold of the cost price of just the materials and their processing.
Present liquid crystal displays rely already on numerous polymer products that play an important role in the production stage (photoresists, temporary adhesives for plate alignment), in the display construction (cell walls, adhesives, spacer spheres), in liquid crystal alignment (orientation layers) or in the optical functioning of the display (polarizers, color filters). New developments, especially in the latter two areas, will lead to even better liquid crystal displays with improved viewing performance, reduced energy consumption and easier portability.
